We report on the photovoltaic (PV) performances of inverted organic solar cells (IOSCs) that were fabricated from PCBM:P3HT polymer with a ZnO thin film and ZnO nanowalls as electron transport and hole block layers. ZnO thin film on ITO/glass substrate was deposited using a simply aqueous solution route. ZnO nanowall structures were obtained via wet chemical etching of ZnO thin films in a KOH solution. The power conversion efficiency (PCE) of the IOSC with ZnO nanowalls was significantly improved by 44% from 1.254% to 1.811% compared to that of the IOSC with ZnO thin film. The short circuit current in IOSCs fabricated with the ZnO nanowalls was increased mainly due to the increase in the charge transport interface area, as a result of enhancement in the PCE. This work suggests a method for fabricating efficient PV devices with a larger charge transport area for future prospects.
INTRODUCTION
Organic-based photovoltaic devices (OPVs) are promising concepts for the energy industry due to their low-cost, light-weight, compatibility with flexible plastic substrates, and ease of fabrication. 1 2 However, the short excitondiffusion length and inefficient exciton dissociation in a polymeric matrix result in low quantum efficiency (QE) that limits the PCE and applications of OPVs. To overcome this limitation, bulk-heterojunctions (BHJs) consisting of a mixture of polymer/fullerene materials such as poly(3-hexylthiophene) (P3HT, donor material) and (6, 6 )-phenyl C 60 butyric acid methyl ester (PCBM, acceptor material) are typically introduced. 3 The inferior interface stability of the photoactive layer and corrosion of the ITO in conventional organic solar cells based on BHJs are a concern.
To improve the interface stability and prevent device degradation, 4 5 IOSCs with semiconductor oxide materials are being extensively studied. These structures increase the device lifetime by replacing the low work function metal cathode, such as Al and PEDOT:PSS, with high work function materials and by introduction of inorganic materials * Author to whom correspondence should be addressed.
for the electron transport path. An approach for further enhancing the PCE is the introduction of various semiconductor oxide nanostructures as electron transport layers due to their excellent electrical and optical properties and large area compared to those of thin films.
In this work, the photovoltaic (PV) performances of organic solar cells with zinc oxide (ZnO) nanowall electron transport layers are reported to enhance the charge transport due to their increased interface areas. The ZnO thin film was grown using a simple aqueous solution route, and the ZnO nanowalls were prepared via a wet chemical method of ZnO thin film in a KOH solution. Compared with the IOSC with ZnO thin film, the PCE of the IOSC fabricated with the ZnO nanowall was increased by 44% at a simulated air mass (AM) of 1.5 global full-sun (1.5 G, 100 mW/cm 2 illumination.
EXPERIMENTAL DETAILS
The ZnO thin film was deposited via an aqueous solution route onto an indium tin oxide (ITO)/glass substrate. 6 In order to deposit a thin film, a seed layer was first coated onto the substrate via dip-coating for 10 min into mixture solution of 0. For the fabrication of IOSCs, a polymer blend of poly(3-hexylthiophene) (P3HT):(6, 6)-phenyl C 61 butyric acid methyl ester (PCBM) (1:1 vol% inchlorobenzene) was spin-coated onto ZnO layers (ZnO thin film and ZnO nanowalls prepared via etching for 10 and 15 min, respectively) at 2000 rpm for 120 sec. Then, the samples were kept in a covered glass Petri dish for solvent annealing. The post annealing was performed at 150 C for 10 min. Molybdenum oxide (MoO 3 as an electron blocking layer and a gold (Au) anode were subsequently deposited via thermal evaporation.
The morphologies of the ZnO nanostructures were determined using field-emission scanning electron microscopy (FE-SEM). The crystal structures and optical properties of the thin film and nanowalls were investigated using X-ray diffraction (XRD) and photoluminescence (PL) at room temperature. For the characterizations of IOSCs, current density-voltage (J −V ) measurements were performed using a solar simulator under an irradiation intensity of air mass AM 1.5 G (100 mW/cm 2 . Figure 1 shows the FE-SEM images of the ZnO thin film and nanowalls on ITO/glass substrates. The as-grown ZnO thin film had a rough surface in the form of densely textured nanorod arrays with a hexagonal structure, as shown in Figures 1(a) . Figures 1(b and c) show the morphological changes in the ZnO nanowall structures produced by etching in KOH solution for 10 and 15 min, respectively. Etching from the top surface of the ZnO textured nanorod array started slowly. The ZnO nanowall structure with a sidewall of approximately 30 nm was formed by the partial dissolution of the (001) surface of the ZnO thin film after etching for 15 min. The ZnO nanowall from the thin film was synthesized via the chemical etching reaction depicted in Figure 1(d) . Formation of the nanowall structure was attributed to etching along the polar axis. 7 8
RESULTS AND DISCUSSION
(1) Figure 2 shows the XRD patterns of ZnO thin film and nanowalls on ITO/glass substrate. The XRD pattern of the ZnO thin film showed the dominant (002) peak with (101), (102) and (103) peaks related to ZnO hexagonal wurtzite crystal. Although, there was no significant change in the intensity of the (002) peak of the ZnO nanowall prepared by etching for 10 min, as shown in Figure 2 (b), significant change was observed in the peak intensity for the nanowalls prepared by etching for 15 min. This change in the XRD patterns demonstrates that the ZnO thin film was dissolved along the c-axis, consistent with the surface morphology. 9 10 The observed PL spectra from the ZnO thin film and ZnO nanowalls on the ITO/glass substrate at room temperature are shown in Figure 3 . In the PL spectra, a band edge emission peak at approximately 380 nm and a strong deep-level emission band near 550 nm were observed. There was a reduction in the UV emission peak intensity and enhancement in the deep-level emission peak intensity of the PL from the ZnO nanowall created via etching for 10 min compared to those of the thin film. An enhancement in the deep level emission peak is due to surface defects created on the thin film, such as oxygen vacancies and zinc interstitials by etching for 10 min, 11 12 and reduction in the UV emission peak was related to a reduction in the radiative recombination rate due to the presence of these surface defects. Further etching for 15 min produces the nanowall structure, we observed that intensity of the deep level emission peak as well as UV emission peaks was increased further from nanowall structure. Further increase of deep level emission peak is due to increasing the oxygen defects in longer time etching. On the other hand, due to formation of nanowall, surface area also increases. Consequently, increased number of electron-hole pair generations and recombinations. 13 Therefore, in the nanowall sample that was prepared by 15 min etching, intensities of the deep level and UV emission peaks were increased as compared to those of the nanowall structure prepared for 10 min. A cross-sectional FE-SEM image of the IOSC structure with a ZnO nanowall is depicted in Figure 4 (a). The total thickness of the inverted IOSC was approximately 850 nm. The thicknesses of the ZnO nanowalls and the P3HT:PCBM blend layer were approximately 270 nm and 180 nm, respectively. Figure 4 (b) presents the schematic energy level diagram of IOSCs and the transport direction of the charge carriers. The transport of the solargenerated charge carriers in the IOSC with a ZnO thin film and nanowalls was the same. The schematic illustration in Figure 4(c) shows the IOSC structures with a ZnO thin film and nanowalls as an electron transport layer. The IOSC devices had the same structure; however, the interface between the active layer and the ZnO nanowall increased compared to that of the ZnO thin film.
The current-density-voltage (J −V ) characteristics of the three devices were measured under simulated AM 1.5 illumination, as shown in Figure 5(a) . The PCE of the IOSCs with ZnO nanowalls prepared by etching for 10 min (Device B) and 15 min (Device C) were 1.476% and 1.811%, respectively, while that with the ZnO thin film was 1.254%. Table I summarizes the PV performances of IOSCs fabricated with a thin film and nanowalls. These data demonstrate that the PCE was enhanced by 44%, from 1.254% to 1.811%, by the introduction of the ZnO nanowall. This substantial improvement in the PV performance can be explained in two ways. One reason is the increase in the charge transport interface area between the ZnO nanowalls and active layer, for which a larger area is favorable for the transport of a large number of electron carriers. For the IOSCs with ZnO thin films, the charge transport interface between the thin film and organic material was smaller, and most of the photogenerated electrons produced distant from the active layer were not able to reach the interface, and their recombination probability distant from the interface was large. For the IOSCs with ZnO nanowalls, upon filling the space between the ZnO nanowalls with organic materials, the charge transport area was greatly increased, and most of the photogenerated electrons were able to reach the interface before their recombination, resulting in an increased J SC . The increasing interface area between the active layer and ZnO nanowalls contributed to the low series R s of devices with ZnO nanowalls. 14 15 Another reason for the performance enhancement is that the increasing oxygen defects on the nanowall surface due to etching affect the conductivity. The oxygen vacancies are the main native donor defect, acting as conductive sites in n-ZnO. Therefore, increasing the number of oxygen defects lead to decreases in the electrical resistivities of the ZnO nanowalls. Although the reduction in carrier mobility was expected due to scattering from the defects, the conductivity and large charge transport interface area between the nanowalls and organic material are dominating factors in the enhancement of the PCEs of IOSCs fabricated with ZnO nanowalls. 16 The fill factor (FF) in ZnO nanowallbased IOSCs was reduced due to the increase in leakage current due to the defects. Figure 5 (b) shows J −V curves for IOSCs fabricated with the thin film and nanowalls under a forward bias in the dark. It can be suggested the current densities of Devices B and C were remarkably increased compared to that of Device A, consistent with the reduction in R s due to the increased conductivity caused by incorporation of the nanowalls. The experimental results support the explanation for the improvement in the PV performance by the incorporation of ZnO nanowalls.
CONCLUSION
We have demonstrated a 44% enhancement in the PCE from IOSCs fabricated with ZnO nanowalls compared to that of the thin film. It can be suggested that the enhanced PCE of the IOSCs with ZnO nanowalls was attributed to the increased charge transport area between the ZnO nanowall and the active polymer blend layer.
